7.8-1,000 nM. Plasma protein binding was >98 % with preferential binding to albumin. eF-24 plasma disposition in mice after i.v. administration of a 10 mg/kg dose was best fit to a 3-compartment open model. the terminal elimination half-life and plasma clearance values were 73.6 min and 0.482 l/min/kg, respectively. eF-24 bioavailability was 60 and 35 % after oral and i.p. administration, respectively. naDPH-dependent metabolism of eF-24 loss in liver microsomal preparations yielded several metabolites consistent with eF-24 hydroxylation and reduction.
Introduction
Curcumin, a keto-enol tautomer naturally occurring in the spice turmeric, has demonstrated in vitro and in vivo antitumor activity, but its in vivo potency is low due to poor oral absorption [1] . Strategies for improving curcumin bioavailability have included coadministration with agents that inhibit curcumin metabolism, development of novel formulations which increase curcumin solubility and stability, as well as use of structurally modified parent compound [2] . the mono-carbonyl curcumin analog, 3,5-bis[(2-fluorophenyl)methylene]-4-piperidinone acetate (eF-24, nSC 716993) (Fig. 1) was the most active compounds identified during synthesis of a series of truncated, symmetrical curcumin analogs designed for improved solubility and increased anticancer and antiangiogenesis activities [1, 3] . eF-24 exhibited broad-spectrum activity in the nCI anticancer cell line screen with a mean gI 50 of 0.7 μM, a value tenfold lower than the mean gI 50 of 7.3 μM for curcumin [1] .
3
Studies to determine the mechanism of action of eF-24 [4] [5] [6] [7] [8] indicated that inhibition of tumor cell growth by eF-24 was associated with cell cycle arrest and caspase-mediated apoptosis in human breast cancer [4] , prostate cancer [4] , colon cancer [7] , and gastric adenocarcinoma [7] cell lines. eF-24 had a substantial effect on markers of oxidative stress, including depolarization of the mitochondrial membrane, reduction of intracellular gSH and trx-1, increase in the concentration of rOS [4] , and suppression of the nF-κB signaling pathway via direct inhibition of IKKmediated phosphorylation of IκB [5] . a dose of 200 μg/ kg eF-24 inhibited tumor growth in vivo by suppression of PI3K and erK-MaPK pathways and reduced expression of the cancer-promoting gene COX-2 [7] . eF-24 also reduced several markers of angiogenesis including VegF and Il-8 expression, CD31 staining, and microvessel density [7] . In addition, the compound disrupts the microtubule cytoskeleton and inhibits HIF-1 [8] , causes radiosensitization of glioma cells [9] , potently inhibits the Fanconi anemia pathway (a multi-gene Dna damage response network implicated in cisplatin resistance) along with other analogs [10, 11] , and activates the p38 pathway [12] . Conjugates of eF24 have been put to good use. Coupling of the compound to Factor VIIa has demonstrated the ability to target vascular endothelial cells aberrantly expressing tissue factor in rabbit cornea, matrigel, and human breast cancer xenografts in athymic nude mice [13, 14] . glutathione conjugates of both eF24 and eF31 ( Fig. 1) are as potent as the unconjugated forms at inhibiting proliferation of MDa-MB-435 human breast cancer cells, but they are simultaneously water-soluble [15] .
Characterization of eF-24 pharmacokinetics and metabolism in preclinical models require availability of a sensitive, specific assay to determine drug concentrations that are likely to be in the nanomolar range. We herein describe an lC/MS/MS assay for eF-24 that achieves low nanomolar sensitivity required for quantitation of drug concentrations produced in preclinical pharmacokinetic studies, work presented in preliminary form at the 96th annual Meeting of the american association for Cancer research [16] .
Materials and methods

Chemicals and reagents
eF-24 and I-MaH-115 were provided by the Department of Chemistry, emory University, under the award of the raPID aCCeSS tO nCI DISCOVerY reSOUrCeS (ranD) Program, national Institutes of Health, Bethesda, MD, USa. HPlC-grade methanol and water were purchased from eM Science (gibbstown, nJ, USa). Formic acid (minimum 95 %), dimethyl sulfoxide (DMSO), citrate-phosphate dextrose solution, human serum albumin fatty acid free and gamma-globulin free from fraction V (96-99 %), human α 1 -acid glycoprotein purified from Cohn fraction VI (99 %), β-nicotinamide adenine dinucleotide phosphate reduced form (naDPH), dibasic potassium phosphate, monobasic potassium phosphate, and magnesium chloride were purchased from Sigma (St. louis, MO, USa). Dextrose (5 %) was purchased from Baxter Healthcare Corporation (Deerfield, Il, USa). Phosphate-buffered saline was purchased from Invitrogen (Carlsbad, Ca, USa). Heparin sodium 1,000 U/ml was purchased from american Pharmaceutical Partners, Inc. (los angeles, Ca, USa). Deionized and distilled water was used to prepare buffer solution. DC protein assay kit catalog number 800-0112 was purchased from Biorad (Hercules, Ca, USa). Drug-free human plasma was obtained from healthy volunteers. rat and mouse whole blood was collected using 10 % heparin in citrate-phosphate dextrose solution as an anticoagulant. the plasma was separated by centrifugation (10,000 rpm × 3 min at 4 °C) and stored at −20 °C for later analysis. Dog plasma was collected in heparin and was provided by Battelle (Columbus, OH, USa). 27 volts, and collision energy 40 eV. the source temperature, desolvation temperature, cone gas flow, and desolvation gas flow were 100 °C, 150 °C, 100 l/h, and 250 l/h, respectively. MS data were collected for 23 min after sample injection. Spectra and chromatograms of eF-24 and I-MaH-115 were processed using the Masslynx v3.5 software (Waters Corporation, Milford, Ma). Metabolism data were acquired using a full scan function (MS scan) over the range of potential metabolites (50-450 m/z). Once the metabolite masses were found, a daughter ion scan was run to determine and confirm structure of the metabolite.
Chromatographic conditions
Separation of eF-24 and I-MaH-115 was achieved with a newguard rP-18 precolumn (15 × 3.2 mm i.d., 7 μm) (Chrom tech, apple Valley, Mn, USa) and a genesis lightning C18 analytical column (10 cm × 2.1 mm, 120 Å, 4 μm) (Jones Chromatography, lakewood, CO, USa) by gradient elution utilizing the following profile: 0-10 min 60 % a and 40 % B, 10-17 min 40 % a and 60 % B, and 17-23 min 60 % a and 40 % B, where solvent a was water containing 0.1 % formic acid and solvent B was methanol containing 0.1 % formic acid. the flow rate was 0.2 ml/ min. after sample injection (20 μl), the column effluent was diverted to waste for 3 min, after which time the flow was switched to the mass spectrometer.
Sample Preparation
Stock solutions of eF-24 (1.0 mM) and I-MaH-115 (1.0 mM) were prepared in methanol and stored at −20 °C. eF-24 is light-sensitive, so all solutions were prepared in amber vials or tubes. Working standard solutions were prepared daily by diluting the stock solutions with MeOH and storing on ice. Plasma standards containing eF-24 were prepared by the addition of 5.0 μl of 0.039-5.0 μg/ ml drug solutions to 200 μl of plasma. after vortex mixing, the plasma proteins were precipitated with 400 μl methanol and allowed to stand at room temperature for 5 min. after centrifugation (10,000 rpm for 3 min) at ambient temperature, the supernatant was transferred to a glass autosampler vial for lC/MS/MS analysis.
Plasma and whole blood stability eF-24 was incubated with mouse, rat, dog, and human plasma at 37 °C for 24 h. aliquots were removed at specified times (5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, and 24 h), transferred to silanized microcentrifuge tubes, and immediately frozen and stored at −20 °C until analysis. Incubation solutions of eF-24 with mouse whole blood were prepared in silanized amber glass vials stored on ice for 4 h. aliquots were removed at the beginning of the incubation period and at the following times: 5, 15, 30, 60, 120, and 240 min. after sedimentation of red blood cells by centrifugation (10,000 rpm for 3 min), plasma was transferred to silanized microcentrifuge tubes, immediately frozen, and stored at −20 °C until analysis.
long-term storage stability was determined in human plasma containing 31 or 1,000 nM eF-24 kept in silanized microcentrifuge tubes, frozen, and stored at −20 °C for 28 days. aliquots (500 μl plasma) were periodically removed and thawed, and drug content was measured by lC/MS/MS analysis.
Protein binding eF-24 binding to proteins was measured in thawed dog, human, mouse, and rat plasma, and human serum albumin (40 mg/ml) dissolved in phosphate-buffered saline, pH 7.4, and α 1 -acid glycoprotein (1 mg/ml). after 30-min incubation at 37 °C, samples were added to Beckman polycarbonate centrifuge tubes (11 × 34 mm) and centrifuged in a Beckman tl-100 ultracentrifuge (90,000 rpm × 3 h at 4 °C). eF-24 concentration in the upper portion of the supernatant was analyzed by lC/ MS/MS to provide the unbound concentration. to verify that the supernatant contained no protein, an aliquot was removed and the protein concentration was measured using the DC protein assay (Bio-rad; Hercules, Ca). Drug concentrations were measured in samples before (plasma) and after (supernatant) ultracentrifugation. the percentage of drug recovered and protein binding were calculated by the equations: Blood samples were obtained from mice anesthetized under methoxyflurane vapors by cardiac puncture using a 10 % heparin in citrate phosphate dextrose solution anticoagulant (150 μl anticoagulant/ml whole blood), transferred to silanized amber microcentrifuge tubes, and immediately chilled on ice. after separation by centrifugation (10,000 rpm × 3 min at 4 °C), plasma was transferred to silanized amber microcentrifuge tubes and immediately frozen. Samples were assayed for drug content within 2 days of collection.
Half-life values were estimated by compartmental analysis, while area under the plasma concentration-time curve (aUC), clearance, and steady-state volume of distribution was estimated by noncompartmental analysis of the mean concentration values, using the program WInnOnlIn (version 1.5).
In vitro metabolism
Cytochromes P450 were induced in mice by 3-day treatment with dexamethasone (300 mg/kg), phenobarbital (80 mg/kg), or 3-methylcholanthrene (20 mg/kg) intraperitoneally before isolation on day 4. Mouse liver microsomes were isolated by differential centrifugation [17] . Human liver samples, medically unsuitable for transplantation, were acquired under the auspices of the Washington regional transplant Consortium (Washington, DC), and their preparation and characterization have been previously published [18] . Microsomal suspensions were incubated Protein binding
× 100 % in amber glass vials maintained at 37 °C in a shaker bath. each incubation mixture (0.1-0.5 ml) contained eF-24 (10 μM), microsomes (0.2-1 mg/ml protein), naDPH (1.0 mM), magnesium chloride (5 mM), and potassium phosphate buffer (100 mM) adjusted to pH 7.4. Identical incubations with active microsomes in which naDPH was omitted served as controls. after preincubation of the microsomes with the reaction buffer (±naDPH) for two minutes, the metabolic process was initiated by adding eF-24. to assess oxygen dependence, the procedure was followed as described except that oxygen was depleted by purging the vials with nitrogen before the addition of eF-24. reactions were terminated after 15-60-min incubation by mixing with ice-cold methanol (2:1, v/v) and kept frozen until analysis.
Results
Chromatographic conditions
eF-24 was measured in in vitro and in vivo samples using an lC/MS/MS assay developed in our laboratory. Protonated molecular ion ([M + H] + ) intensities for eF-24 and the internal standard were greatest under positive electrospray ionization with a 35 V cone voltage and 22 eV collision energy. Mass spectra for eF-24 ( Fig. 2a) and the internal standard (Fig. 2b) included prominent parent ion [M + H] + peaks at m/z 312 and 433, respectively. Prominent product ions for eF-24 and the internal standard were found at m/z 149 and 169, respectively. Based on these data, quantitatation of eF-24 was performed in the multiple reaction monitoring (MrM) mode by monitoring the m/z 312 → 149 transition for eF-24 and the m/z 433 → 169 transition for the internal standard. Satisfactory chromatography was achieved, and ionization suppression substantially reduced by gradient elution from 40:60 methanol/water with 0.1 % formic acid to 60:40 methanol/water with 0.1 % formic acid. the retention times of eF-24 and I-MaH-115 under these conditions were 9.3 and 13.6 min, respectively (Fig. 2c, d ). Standard curves were linear in the range 7.8-2,000 nM with r 2 values of >0.9900 and a lower limit of quantitation of 7.8 nM.
Stability a second peak with a fragmentation pattern similar to that of the parent molecule was observed in chromatograms of eF-24 during initial assay development. Formation of that peak was attributed to light sensitivity of eF-24, since it was prevented by wrapping tubes in aluminum foil or by using amber glass vials and amber plastic tubes.
Stability of eF-24 in human, mouse, rat, and dog plasma was evaluated at 4 and 37 °C for a 24-h period (table 1) . eF-24 was stable in human and rat plasma, but modest loss of eF-24 was observed in mouse and dog plasma where half-life values were 11 and 35 h, respectively (table 1) . eF-24 long-term stability in plasma stored frozen at −20 °C was >32 days.
In preparation for pharmacokinetic experiments, eF-24 partition ratio and stability were determined in fresh mouse whole blood. When identical amounts of eF-24 were added to equal volumes of plasma and whole blood over the range of 3.9-2,000 nM, the concentration of eF-24 in plasma isolated from the whole blood sample was equal to that found when eF-24 was added directly to plasma. this observation is consistent with diffusion of eF-24 into red blood cells and indicates a 1:1 partition ratio between plasma and red blood cells. Multi-exponential loss of eF-24 was observed during 24-h incubation of eF-24 in whole blood at 37 °C. the initial rapid loss of drug during incubation at 37 °C was reduced substantially when blood samples were incubated on ice. these data indicate that blood samples should be chilled and processed immediately after collection for pharmacokinetic studies to prevent ex vivo degradation.
Protein binding eF-24 plasma protein binding was evaluated in human, dog, rat, and mouse plasma, as well as in aqueous solutions containing human serum albumin and α 1 -acid glycoprotein (table 1) . Protein binding in human, dog, rat, and mouse plasma was 94 % or greater for all concentrations. the percent-bound value was 95-100 % in human serum albumin and <20 % to α 1 -acid glycoprotein, and thus suggests that eF-24 is mostly bound to albumin in plasma. Pharmacokinetics eF-24 pharmacokinetics were characterized in male CD2F 1 mice after intravenous, oral, and intraperitoneal administration of a 10 mg/kg dose. eF-24 plasma disposition after i.v. administration was best fit to a 3-compartment open model (Fig. 3a) . the terminal elimination half-life and plasma clearance values were 73.6 min and 0.482 l/min/ kg, respectively (table 2) . eF-24 absorption was rapid after both oral and i.p. administration. Peak plasma concentrations approaching 1,000 nM were detected 3 min after the dose was given (Fig. 3b, c, respectively) . Half-life values of ~200 min after oral and i.p. administration were slower than the value observed after i.v. administration. Of note, a secondary peak concentration was observed 360 min after administering the i.p. dose. eF-24 bioavailability, determined by comparison of aUC values, was 60 and 35 % after oral and i.p. administration, respectively. eF-24 was not detected in the 24-h pooled urine from mice administered 25 mg/kg (n = 2) or 32 mg/kg (n = 2) eF-24 intravenously.
In vitro metabolism
Following 15-min incubation with mouse liver microsomal preparations, 40, 41, and 54 % of eF-24 added to the preparations were consumed by naDPH-dependent metabolism in liver microsomal preparations from untreated, PB-pretreated, and 3MC-pretreated mice, respectively (Fig. 4a) . In human liver microsomes, >70 % of added eF-24 was consumed by naDPH-dependent metabolism (Fig. 4a) . Several eF-24 metabolites were detected in the mouse and human liver microsomal incubations. two aromatic ring hydroxylation products were detected in mouse (Fig. 4b) and human (Fig. 4c) preparations based on the presence of a molecular ion with m/z 328 and a daughter ion with m/z 125. Both molecular and product ions were 16 mass units higher than those of eF-24 (m/z 312) indicative of hydroxylation. Formation of both hydroxylated metabolites in mouse liver microsomal preparations was greater in liver microsomes from 3MC-treated mice than from microsomes isolated from phenobarbital-treated mice or untreated mice consistent with metabolism of eF-24 by CYP1a isoforms. a small amount of a reduced contaminant (m/z 314) was detected in the eF-24 stock, consistent with the addition of hydrogen across one of the double bonds (data not shown). this product co-elutes with eF-24 (t r = 7.4 min) and was detected when eF-24 was dissolved in buffer with or without added naDPH or microsomes. a second reduced metabolite (m/z 314) that elutes after eF-24 (t r = 10.7 min) was detected in human (Fig. 4d) , but not mouse, liver microsomal preparations only in the presence of naDPH, and its formation was time-dependent. three peaks with m/z 316 were detected in MS chromatograms from human liver microsomal preparations (Fig. 4e) . Presence of an ion with m/z 151 in the daughter ion scan for these metabolites was consistent with the reduction of eF-24 (Fig. 4e) . Formation of all three m/z 316 metabolites was dependent on naDPH, but not oxygen. Multiple metabolites with m/z 316 may be due to the introduction of 2 chiral centers following reduction.
an unknown metabolite with m/z 298 (Fig. 4f ) has been detected only in human liver microsomes. this major metabolite is dependent on naDPH in the absence of oxygen. While we have not been able to interpret the MS scan sufficiently to fully identify the structure (Fig. 4f) , one reasonable alternative is depicted as eF24-5 (Fig. 1) . It can be rationalized by n-hydroxylation and n-dealkylation of mono-unsaturated eF24-H2 (Figs. 1, 4f ) [19] followed by ring closure and elimination of hydroxylamine. 
Discussion
the curcumin analog, eF-24, exhibited broad-spectrum antiproliferative activity in cancer cell lines and potent growth inhibition of the HCt-116 human colon tumor xenograft in mice with little apparent toxicity. as with curcumin, growth inhibition has been attributed to a number of biological effects, including induction of oxidative stress, suppression of the nF-kB, PI3 K, and erK-MaPK pathways, reduced expression of the cancer-promoting gene COX-2, and inhibition of angiogenesis. thus, eF-24 is a candidate for further development. the purpose of this study was to characterize the pharmacokinetics and metabolism of eF-24 in mice to determine whether effective concentrations can be achieved, to determine the most effective route of administration to achieve desired therapeutic concentrations of active compound in clinical trials, and to investigate eF-24 metabolism using rodent and human in vitro models in an attempt to predict the effect of metabolism on plasma clearance in clinical trials.
accordingly, a sensitive, specific lC/MS/MS method was developed for the measurement of eF-24 in biological fluids. Ionization conditions were selected to take advantage of prominent product ions for eF-24 and the internal standard under positive electrospray ionization. During assay development, we found that eF-24 was light-sensitive and ionization was sensitive to constituents in plasma. to minimize degradation due to light assay methodology included wrapping samples in aluminum foil after collection in the pharmacokinetic studies, sample preparation in amber vials, and minimum exposure to light at other times. gradient elution was utilized to overcome ionization suppression by plasma constituents that eluted early in chromatograms under isocratic conditions and suppressed signal intensity. as a result of these precautions, a lower limit of quantitation of 7.8 nM was achieved with the assay. Furthermore, eF-24 had limited stability in blood that required sample processing immediately after specimen collection. these adaptations permitted sufficient sensitivity to characterize the eF-24 pharmacokinetics in mice administered a 10 mg/kg dose.
eF-24 pharmacokinetics were characterized in male CD2F 1 mice following i.v., i.p., and oral administration of a 10 mg/kg dose. the peak plasma concentration of 2.5 μM eF-24 in mice administered an i.v. dose was well above the in vitro gI 50 value for sensitive cell lines in the nCI 60 cell line screen, as well as the concentrations used for in vitro studies performed to define eF-24 mechanism of action. Intraperitoneal and oral administration yielded peak plasma concentrations in the range of the in vitro gI 50 value, as well as the concentrations used for in vitro studies performed to define eF-24 mechanism of action. the reasons for the rapid absorption are unclear; however, it is unlikely that DMSO contributed to enhanced absorption since it had no effect on absorption of other hydrophobic drugs in an intestinal permeability model [20] . the prolonged exposure and high bioavailability of eF-24 after the oral route indicate that this would be an effective route of administration to achieve desired therapeutic concentrations of active compound in animal models and clinical trials. Prolonged plasma elimination in mice after oral administration suggests that drug may be administered by intermittent dosing using this route.
the high oral bioavailability of eF-24 contrasts markedly with the extremely low oral bioavailability of curcumin in rodents [21, 22] and humans [23] [24] [25] where only trace concentrations of curcumin are detected following oral administration. the low bioavailability of curcumin is mainly due to poor absorption since metabolite concentrations, primarily glucuronide and sulfate conjugates [21] [22] [23] [24] [25] , are also low. the high clearance that exceeded liver blood flow rate and the large volume of distribution suggest that eF-24 undergoes rapid metabolism and extensive tissue distribution following the i.v. dose.
Our studies of eF-24 metabolism focused on oxidative and reductive metabolism by mouse and human liver microsomal preparations. naDPH-dependent loss of eF-24 is consistent with a role for cytochrome P450 in metabolism of eF-24. a proposed scheme of metabolism is illustrated in Fig. 4g . at equivalent protein concentrations, metabolism of eF-24 was much greater in human than in mouse liver microsomes. absence of a difference in metabolism with microsomes from untreated and phenobarbital-treated mice suggests that inducible mouse P450s and their human orthologs such as CYP3a and CYP2B do not contribute substantially to eF-24 metabolism. In contrast, greater metabolism in microsomes from 3MC-treated mice suggests that CYP1a isoforms catalyze eF-24 hydroxylation in mice and homologous CYP1a isoforms catalyze eF-24 hydroxylation in humans.
reduced metabolites were detected in the human, but not mouse, microsomal incubations. these data suggest that reduction is the predominant route of eF-24 metabolism in humans. the mechanism underlying the species dependence of eF-24 reduction remains to be elucidated. reduced metabolites and conjugation products were also detected during pharmacokinetic and in vitro metabolism studies with curcumin [21] [22] [23] [24] [25] [26] [27] . as with curcumin, eF-24 reduction continued until all of the double bonds were saturated [21, 22, 24, 25] .
In conclusion, plasma concentrations of eF-24 associated with in vitro pharmacological activity and antitumor effect were achieved with doses that are both tolerable and active in these species. eF-24 has high oral bioavailability in mice. Oxidation, in part catalyzed by CYP1a isoforms, and reduction contribute to eF-24 in vitro metabolism.
Independent studies on closely related analogs of eF24, eF31, and UBS-109 (Fig. 1) performed toward the conclusion of the present work both supplement and confirm the present observations. For example, eF31 has been compared to eF24 and curcumin in an inflammatory model using mouse raW264.7 macrophages to show that the former is a 7-and >10-fold more potent blocker of the nF-kB pathway activity than the other two substances, respectively. Downstream pro-inflammatory mediators, including tumor necrosis factor-α, interleukin-1β, and interleukin-6, were also more effectively obstructed by eF31 versus eF24, as was the inhibition of IKKβ (by ~65-fold) [28] . another study examined the effects of the two analogs on human head and neck squamous cell carcinoma (SCC) tu212 xenograft tumors established in athymic nude mice. the more soluble eF31 provided a dose response at 15 and 25 mg/kg i.p. and average aUC(0 − ∞) values of 3,386 and 7,769 h × ng/ ml, respectively [29] . UBS-109 likewise showed a dose response at 50, 100, and 150 mg/kg p.o. on SCC tu212 xenografts, and 10 and 20 mg/kg i.p. on human pancreatic carcinoma MiPaPc xenografts in athymic nude mice [Manuscripts in preparation 2013]. In a final and very recent investigation of bone mass loss, curcumin, eF31, and UBS109 were compared for their relative effects on osteoblastogenesis and osteoclastogenesis in vitro. eF31 and UBS109 revealed a suppressive effect on osteoclastogenesis as compared with curcumin, while UBS109 had a unique stimulatory effect on osteoblastic differentiation and mineralization associated with Smad signaling. the same compound potently inhibits nF-kB which plays a pivotal role in osteoclastogenesis [30] .
these investigations complement the present work and reinforce the conclusion that this class of compounds represents an intriguing area for future development.
